Objective: Traditional cardiovascular risk factors do not fully account for ethnic differences in cardiovascular disease. We tested if arterial function indices, particularly augmentation index (AIx), and their determinants from childhood could underlie such ethnic variability among young British adults in the 'DASH' longitudinal study.
Pulse wave velocity (PWV) and AIx were recorded using the Arteriograph device at ages 21-23 years in a subsample (n ¼ 666); psychosocial, anthropometric, and blood pressure (BP) measures were collected then and in two previous surveys at ages 11-13 years and 14-16 years. For n ¼ 334, physical activity was measured over 5 days (ActivPal).
INTRODUCTION
B ritain, like many Western countries, has a significant and rapidly growing ethnically diverse population, well prior to arrivals of refugees from Middle Eastern wars. Recent census data [1] show that the White European ethnic group accounted for 86.0% of the usual resident population in England and Wales in 2011, decreasing from 91.3% in 2001 and 94.1% in 1991. Meanwhile, over the last two decades, ethnic minority groups (South Asian, African-Caribbean, and Black African) continued to rise, and in metropolitan areas like London, proportions increased up to 40% of the total.
These population data may continue to have long-term influences on health profiles, particularly ethnic differences in cardiometabolic disease, noted over the last 40 years [2] .
Cardiovascular disease (CVD) is the leading cause of death worldwide [3] with increasing rates globally, in part related to ageing. Mortality from coronary heart disease (CHD) and stroke in South Asian migrants to the United Kingdom is between 50 and 100% higher than the White British population [4] ; conversely, people of black African and African Caribbean origin are still significantly protected from CHD, although mortality from stroke is even higher than in South Asians [4] . Higher cardiovascular risk in migrant populations is not just a British issue [5, 6] ; similar results were obtained recently in Norway where South Asian migrants had increased risks of myocardial infarction and stroke compared with the resident population, and stroke was more common in people from sub-Saharan Africa and Southeast Asia [7] . Very similar data were also published for migrants to the Netherlands [8, 9] . These remarkable ethnic differences cannot be fully explained by traditional cardiovascular and metabolic risk factors, such as hypertension, dyslipidemia, central adiposity, or insulin resistance, measured in midlife [10] .
As arterial stiffness has become a major intermediary outcome for cardiovascular events and mortality [11] [12] [13] , it could be a useful tool to investigate ethnic patterns of CVD. Further, arterial function indices could be early targets for intervention at a stage of life when traditional cardiovascular risk factors only weakly predict later disease and mortality. Not only pulse wave velocity (PWV) but arterial wave reflections [14, 15] have emerged as important markers of vascular health and predict cardiovascular risk independent of conventional risk factors, including blood pressure (BP); however, data regarding arterial indices in ethnic minorities are rare.
Here we examine how far central augmentation index (AIx), the most widely used index of wave reflections, may underlie ethnic differences in cardiovascular risk among a multiethnic British population cohort -the 'DASH' longitudinal study.
METHODS
Details of the DASH study can be found at http://dash.sphsu.mrc.ac.uk/ and in a published cohort profile [16] 
Physical measures
Measurement protocols can be found at http://dash.sphsu. mrc.ac.uk and were taken from the World Health Organization manual. SBP and DBP were measured using validated OMRON M5-I semiautomatic devices and appropriately sized cuffs, after the participant had sat quietly for a timed 5 min, with more than 1 min between three subsequent readings. The mean of the second and third readings was used in analysis, as previously reported [17] [18] [19] At 21-23 years, PWV, central AIx, central SBP (cSBP), and brachial BP were also measured using the Arteriograph 24-h device, previously calibrated and standardized [20] . The device records up to eight cardiac cycles, three separate times in one sitting. The aortic path length is measured with a long arm caliper, from suprasternal notch to pubic rami.
Physical activity was not measured in detail during adolescence. In the follow-up, a subsample of participants N ¼ 334, 76% of those invited, wore a waterproofed ActivPal monitor continuously for 5 days. Worn on the front of the thigh, the monitor is valid for identifying sitting standing and walking [21] . The following were derived and reported per day: steps taken, upright time, time walking at more than 100 steps/min (equivalent to moderate-vigorous physical activity), sit-to-stand transitions, and proportion of daytime sitting (between 0900 and 2100 h) spent in prolonged (>20 min) bouts.
Social measures
A self-administered questionnaire measured other social factors, including health behaviors, racism, and socioeconomic circumstances (SECs). Reported racism was assessed using standardized questions on 'unfair treatment 'on the grounds of race, skin color, country of birth, or religion in various locations (school, street, work, etc.) [22] .
In adolescence, SEC was measured through parental employment plus the family affluence scale based on number of cars, computers, holidays, etc. [23] . In adulthood, SEC was measured through own education and employment.
Statistical method
The core model for AIx contained heart rate, height, cSBP (at 21-23y), sex, and ethnicity. We first examined the influence of current exposures at 21-23 years, and then tested the influence of similarly measured exposures at ages 11-13 years, by adding them to the core model. Each variable was tested in univariate models (added to the core model) before final multivariable linear regressions were conducted; all modeling were performed using Stata 13 (Stat Corp. LP, College Station, Texas, USA). Statistical significance was considered at P value <0.05.
RESULTS
As we previously reported [24] , unadjusted PWVs in Black Caribbean and White UK young men were similar (mean þ SD 7.9 þ 0.3 vs. 7.6 þ 0.4 m/s) and lower in other groups at similar SBPs (120 mmHg) and BMIs (24.6 kg/m 2 ). Furthermore, in fully adjusted models all ethnic minorities had lower (or similar) values of PWV compared with White UK young people. Two physical activity measures (number of steps/day and time walking >10 000 steps/day), were also negatively associated with PWV [24] .
Focusing on wave reflection, unadjusted AIx values were higher in women (mean, 95% confidence interval 16.2, 15-17.3%) compared with men (12.5, 11.3-13.6%; P < 0.001) and in all ethnic minority groups -Indian (15.1, 13.0-17.2%), Pakistani/Bangladeshi (15.7, 13.7-17.7%), Black Caribbean (14.9, 12.3-17.0%), and Black African (15.3, 12.9-17.7%) -compared with White UK (11.9, 10.2-13.6%), even if borderline significant (P ¼ 0.07; Fig. 1 ). Univariate analysis showed significant correlations between the index of wave reflection and ethnic minorities (all P < 0.05); however, factors which are known to have an influence on AIx showed major differences too: South Asians (i.e. both Indian and Pakistani/Bangladeshi groups) were shorter and had lower SBP compared with White UK and other minorities, whereas BA and Black Caribbean tended to have lower heart rates compared with others (Table 1) .
Therefore, all these variables were included in the core model where sex, heart rate, height, and cSBP were strongly associated with AIx (all P < 0.001). Focusing on ethnicity, Indian and Pakistani/Bangladeshi continued to have significantly higher AIx values compared with other groups after fully adjusting for confounding factors (respective b ¼ 3.35 and 4.20, both P < 0.005; Table 2 ). AIx was also borderline significantly higher in Black African (b ¼ 2.65, P ¼ 0.047), including adjustments for childhood variables, and only in Black Caribbean it remained marginally but not significantly higher than in White UK peers.
No influence was detectable for body composition parameters or 'fat' such as BMI (P ¼ 0.5), waist-to-height ratio (P ¼ 0.4) or overweight status (P ¼ 0.2) so these were not included in the core model. Regarding BP, DBP (P ¼ 0.001), mean arterial pressure (MAP; P ¼ 0.025), cSBP (P < 0.001) but not brachial SBP (P ¼ 0.679) were positively related to AIx; using MAP instead of cSBP in the core model (not shown) did not change any correlations. Psychosocial or deprivation measures also were not correlated with AIx (and their inclusion did not change any previous associations); further adjustments of the core model for 11-13 years variables only found a borderline (negative) association with adolescent MAP (P ¼ 0.055).
Of the subsample (n ¼ 415) with objective ActivPal measures, both men and women spent some 70% of waking hours sedentary so overall only about 36 min/day in moderate-vigorous activity. No variable associated with physical activity emerged as related to AIx after inclusion in the core model (not shown).
DISCUSSION
The present study showed clear ethnic differences in AIx, considered an index of wave reflection, in a multiethnic cohort living in similar areas, addressing an issue on which little is published.
Previous small studies in adults showed conflicting results regarding 'White' and 'Black' young adults in the United States and Europe, respectively [25, 26] . Another found that differences in AIx between 94 East Asian and 47 age-matched White peers disappeared after adjusting for height [27] . In large population-based studies throughout the world (10 550 adults), after adjustment for age, heart rate, MAP, and body size, black Africans had markedly higher AIx than British Whites [28] . In 2057 adults aged 21-90 years with type 2 diabetes in the multiethnic state of Singapore, AIx was significantly higher in Indians (28.1 AE 10.8%) than Chinese (26.1 AE 10.7%, P < 0.002) [29] . Epidemiological data in the same area found that CHD and mortality was higher in the Indian population compared with the Chinese one [30, 31] supporting the idea that arterial stiffness and wave reflection may, at least partially, underlie the differences in such adverse outcome. In our multi ethnic cohort living in the London area, PWV was similar or lower in ethnic minorities compared with White UK [24] , whereas AIx was significantly higher in Indian and Bangladeshi/Pakistani than White UK even after adjustment for confounding factors (sex, heart rate, height, and cSBP, - Table 2 ). These results may suggest that the parameter of wave reflection, particularly in young South Asian individuals, could indicate important ethnic differences in central hemodynamics, which cannot be fully assessed with conventional sphygmomanometry.
Previously, the general view has been that brachial BP outcomes were 'more severe', or 'worse' in black populations, even at given levels of BP. However, there remains some doubt whether this is and was so in unbiased genuinely representative population samples (now difficult to find) or after full adjustment for increased hypertension prevalence and other, including social, factors. That view, long considered here [32, 33] , was substantiated in the longterm follow-up of US studies [34] , and recently in the longterm UK 'SABRE' study [35] . In the latter three-dimensional echo study, cardiac remodeling rather than hypertrophy was found to be the main issue.
It seems possible that wave reflections, here as AIx, may contribute to the development of left ventricular hypertrophy or 'remodeling' and could explain the higher rates of hypertensive target organ damage in some ethnic minorities, as was found in African-Americans and in African-Caribbeans in Britain [36] [37] [38] . Left ventricular hypertrophy in nonathletic people reflects subclinical organ damage and is very likely an early indicator of cardiovascular, especially hypertensive heart disease.
Taking these considerations together, it seems that in ethnic minorities, and particularly in South Asians, increased central wave reflection from early adulthood could be a determinant of target organ damage before the onset of other well established risk factors.
In such context, discrepancy between the results of PWV and AIx is not surprising as AIx is not a surrogate marker of PWV [39] . Rather, as a measure of arterial wave reflection, it probably depends both on the speed of the pressure wave and on anatomical and mechanical characteristics of the arterial tree. These latter characteristics may be influenced by the vascular tone of the small muscular arteries and arterioles rather than by the elastic properties of the aorta [40] .
In our analysis, SBP was not correlated with AIx, likely in part explained by characteristic aortic pressure amplification in young people. In the elderly, the reflected waves return to the aorta during systole, thereby increasing SBP and pulse pressure; in contrast, in younger people, reflected pulse waves return during diastole, resulting in an increase in mean DBP [41] .
Thus, in our final model we used only cSBP and MAP. Having outlined these concepts, some traditional some not, we should say that the origins of the 'augmentation' are by no means certain. Both amplified Windkessel-like effects 
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Journal of Hypertension www.jhypertension.comand excess (aortic) 'reservoir' pressure may be additional, or even replacement, causes of these apparent wave reflections [42, 43] . Recently, in patients undergoing cardiac catheterization the reduction in augmentation pressure after nitroglycerin administration was, at least in part, dependent on ventricular contraction/relaxation dynamics rather than reflection effects [44] . In the core model, no 'fat parameters' were added because of lack of significant correlation in univariate analysis. Although arterial stiffness and vascular remodeling are generally greater in obese compared with nonobese individuals [45] , this may be because of co-occurrence of cardiovascular risk factors rather than obesity per se. DeVallance et al. [46] found in a small population (102 adults) without type 2 diabetes and CVD that AIx increased in men but decreased in women with increasing BMI; contrarily, in a diabetic cohort, no correlation was found between BMI and augmentation pressure [47] .
Psychosocial or deprivation measures did not show any correlation with AIx (and their inclusion in the model did not change any previous associations); further adjustments of the core model for 11-13 years variables only underlined a borderline (negative) association with adolescent MAP (P ¼ 0.055).
As previously described in DASH [24] , SBP became higher in men than women at 14-16 years and there was a marked increase in this sex difference at 21-23 years with mean SBP hardly changing in women. However, at the age of 11-13 years, SBP was similar between Black African, Black Caribbean, and White UK and lower for Pakistani/ Bangladeshi and Indian (P < 0.005), with no ethnic differences for DBP, suggesting that growth acceleration maybe a critical period in which a 'delayed maturation' of the cardiovascular system may, potentially, be a risk factor for development of CVD. Clearly, the influence of childhood BP on AIx in later life needs further investigation, considering that in our populations no data on cSBP and AIx were collected at the age of 11-13 years. Finally, we found no association between AIx and parameters of physical activity in contrast with our previous data on PWV [24] .
Beneficial effects of physical activity on arterial stiffness are found, and across various populations [48] [49] [50] , probably related to arterial stiffening resulting from both passive (increased intima-media thickness) and active (smooth vascular muscle tone) components, both of which can be altered by physical activity [51] . However, our results for AIx are in line with the Framingham analysis (2376 participants, mean age 47 years) [52] which did not show any effect of physical activity, measured continuously for 8 days, on AIx nor on flow-mediated dilatation. Those data suggest that physical activity could be associated with attenuated agerelated increases in intima-media thickness, with very small effects on the active components of vascular muscle tone and endothelial dysfunction. These suggestions again need further investigation in younger people, free from CVD.
In conclusion, a multiethnic cohort of young adults living in the same area both PWV and AIx showed ethnic differences; however, only AIx was higher in ethnic minorities compared with White UK. These data suggest that parameters of wave reflection, rather than arterial stiffness, may underlie ethnic differences at this age and could be a useful tool for testing components of excess cardiovascular risk.
Limitations
Limitations include a relatively small sample size (about 100 per ethnic group, balanced by sex, and smaller numbers with physical activity measured) and its cross-sectional nature so far.
Another is how far AIx is a measure of reflection as there may be components of arterial compliance and reservoir function as well as or rather than wave reflection per se [53] . A study comparing the relationship between carotid AIx and wave reflection indices from wave intensity and wave separation analysis across adult ages in 65 healthy people suggested AIx gave misleading result, especially for its negative values [54] . However, this analysis was a relatively small sample (n ¼ 65) done on carotid arteries.
Relatively little data on prognostic value of PWV and AIx measured with Arteriograph device are available. Only a few follow-up studies evaluated prediction by the Arteriograph's stiffness and wave reflection parameters on cardiovascular events or mortality with conflicting results. Akkus et al. [55] reported that arterial stiffness and wave reflection measured by it can predict further cardiovascular events in patients after myocardial infarction and the same group [56] showed that AIx and PWV predicted mortality independent of other variables in a small population of advanced heart failure patients. A follow-up study in CKD found no prognostic value for Arteriograph PWV and AIx on cardiovascular mortality in hemodialysis [57] .
The prognostic value of PWV and AIx measured with oscillometric devices in a wider range of clinical conditions and in young populations free from CVD are needed.
